Determinations of energy requirements were made with birds in small individual cages that measured 32 X 31.5 X 16.5 cm and that were equipped with a mechanical means of registering movement so that a continuous record of activity by individual birds was recorded on channels of a 20-point Esterline-Angus operations recorder running at a chart speed of 3.8 cm (1.5 inches) per hour (see Martin, 1964 ). Due to this slow chart speed, however, the amount of activity per hour was tabulated as the number of 4-min periods in which any activity was recorded. The total activity recorded during a 24-hr period was separated into that occurring during the dark and light periods. The cages were set in low, closely fitting pans in order that all spilled food, guano, and feathers could be collected.
Newly captured birds were given a mixture of seeds and then changed over to the experimental food by gradually cages or after they had become adjusted to the individual cages. A high level of mortality, occasionally as great as 50 per cent, occurred during this shift. Sufficient food was provided to allow ad libitum feeding, and water was always available. Because initial results suggested that the availability of water for drinking affects the maintenance of the Canada goose, Branta canadensis, at subfreezing temperatures (Williams, 1964) , dickcissels were provided in some experiments with either snow (the most available form of moisture) or water when ambient temperatures were below freezing.
Both in Illinois and in the Canal
Zone, experimental birds held outdoors were subjected to natural temperature, photoperiod, humidity, and air movements but were protected from precipitation and from direct insolation for most of the day. Work done at constant temperatures and photoperiods was accomplished in thermostatically controlled walk-in cabinets that provided temperatures from 45 C to 0 C, and in a smaller cabinet that ranged from 0 C to -80 C. Humidity was not closely controlled in these cabinets. Periodic psychrometric measurements revealed no relative humidity values differing from those reported by West (1960) for the cabinets in Illinois or by Cox (1961) for those at the Canal Zone Biological Area. At warmer ambient temperatures, humidity was not high enough to modify temperature-dependent metabolic responses (Salt, 1952; Wallgren, 1954) . Incandescent lamps provided light of more than sufficient intensity at floor level for known photostimulated effects (West, 1960 Kendeigh (1949) . The definitions of terminology used in this paper are given by Cox (1961) . Metabolism was measured over a 2-5-day, but usually a 3-day feathers in terms of their numerical equivalents. The uneaten food and the guano from each cage were dried to a constant weight at 68 C, then rapidly separated by using a 16-inch mesh screen and weighed. The dry weight of a food sample from every period was determined so that the dry weight of the food supplied could be calculated from its wet weight.
Samples of food and guano were frozen for subsequent calorimetric analysis. Caloric values were determined with a Parr adiabatic oxygen bomb calorimeter by duplicate runs on each sample.
The lethal temperature at any photoperiod is defined as that temperature by which 501% of the individuals exposed to the conditions had died.
Procedures for statistical analysis of data were taken from Dixon and Massey (1957) and Jacob and Seif (n.d.). A probability level of 0.05 was required for significance. The indicated variation associated with means is the standard error. Table 1 gives the temperature at first death, 50% mortality (lethal temperature), and, for cases in which it was determined, the temperature at the last death. No summer females were used to determine the limits of tolerance at a 15-hr photoperiod, but for postnuptial birds at 10-and 12-hr photoperiods and those Table 3 . The weights of the males were significantly different from those of the females, except at 15 hr. At this photoperiod the weights of the few females used were similar to the males due to their longer retention of vernal-fat stores. The weight trend with temperature was toward significantly minimum levels at both the low and high lethal temperatures in all birds except females at 10-and 15-hr photoperiods. Molt was negligible in all these birds. Activity data for the birds under constant conditions are presented in Table 4 . Relationships with temperature.-The regressions between ambient temperature and gross energy (kcal of food eaten), excretory energy (kcal of guano eliminated), and metabolized energy (gross energy minus excretory energy) at existence energy levels are presented in Table 5 . There are no significant regressions from 37 C to 44 C in 15-hr birds or from 38 C to 44 C in 12-hr birds. Furthermore at a photoperiod of 12 hr there is no significant regression from 30 C to 35 C in gross energy or excretory energy per bird per day in males or metabolized energy per bird per day in either sex. In all other cases these functions express a generally inverse relationship with temperature. The formulas were calculated by the orthogonal polynomial method of Carmer and Seif (1963).
TEMPERATURE TOLERANCE
Gross energy (G.E.) per bird per day.-At both 10 and 12 hr, gross energy in males was greater than, and significantly different from, the level of the females, although only at 5 C and 10-hr photoperiod was there a significand difference in the rate per hour of photoperiod (Table 6). These differences reflect the larger size of the males. This is made evident by the fact that at 15 hr, where females were similar in weight to the males, there is no significant difference in gross energy intake nor in the rate per hour. Gross energy per bird per hour of photoperiod at 15 and 12 hr is similar, and even though their daily intake is less, the hourly rate of intake is greater in 10-hr birds and significantly different from that of 15-hr birds. Excretory energy (E.E.) per bird per day.-These regressions are also presented in Figure 1 . Males have a significantly greater average output of guano than females, except at a 15-hr photoperiod. The cubic regressions in 10-hr birds indicate a reduction in the change of the rate of excretory energy with temperature from 7 C to 12 C in males and from 7 C to 13 C in females. In males at 15 hr there is a slight decrease from 9 C to 21 C. The fact that data for excretory energy in 15-hr females are illustrated by a linear rather than a cubic regression probably results from these data being collected from only 5 C to 29 C, a range encompassing the span of reduced output and mostly excluding the ranges of greater increase in output at higher and lower temperatures in males. At 15 hr this reduction is due to a decrease in the amount of guano eliminated, since the same caloric value per gram was used for calculations at all applicable temperatures. At 10 hr the rate of change decreases as temperature drops 20 C to 13 C. Since there was no significant differences in the caloric value of the guano in this temperature range (1961), but there has been no analysis reported concerning the dependency of existence levels of metabolism on weight. Since the weight of the dickcissel under experimental conditions varied according to sex and ambient temperature, some adjustment for body size seemed desirable. In lieu of any demonstrated relationship between existence energy and weight, the metabolized energy was analyzed on a per gram wet-weight basis in an attempt to make some sort of parity possible. Only at a 10-hr photoperiod was there a significant difference between the sexes in the M.E. per g per day. At 12 hr, even though males were significantly heavier than females, the amounts of the M.E. per g per day were similar.
The levels of the curves of 15-hr birds of both sexes are generally higher than those of 10-hr birds, but this difference is only significant at -1 C in the males. The higher level of metabolism of 15-hr males is significantly different from that of 12-hr males. This increase in metabolized energy at long photoperiods does not grant the bird any great physiological advantage under cold stress. The lower lethal temperature at 15 hr was reduced one degree below that at 10 hr, but this seems insignificant in comparison to the magnitude of the metabolic difference. A longer photoperiod would afford an advantage if G.E. per bird per hour at 15 hr were at least equal to the intake rate at 10 hr so that the longer day would allow greater energy storage for the dark period, which is critical for cold-survival (Kendeigh, 1945) . But the opposite is the case (see Table 6 ). The rate of M.E. per bird per hour likewise is inversely related to photoperiod. Similar results have been reported in other species (Davis, 1955; West, 1960; Cox, 1961) . 1 feel that this difference is simply an obligatory demand on birds at a longer photoperiod due to the maintenance of body temperature several degrees above the nocturnal level for a longer time and the greater total activity (see Table 4 ) during the longer light period. The percentage of nocturnal activity, on the other hand, was similar and generally low at all photoperiods so that the metabolic difference was not due to nightly unrest, as suggested by West (1960) for the tree sparrow, Spizella arborea.
In Figure 2 these data are illustrated for males at each photoperiod. The re-gressions for females have been omitted for clarity. They differ at all photoperiods from those of the males in having a higher average level and a greater rate of linear increase, although these differences cannot be significantly demonstrated in every case. Even though there is no significant regression at 15 hr from 37 C to 44 C or at 12 hr between 38 C and 44 C, there is an upward trend in the M.E. per g per day within these temperature ranges at each photoperiod. It therefore appears that there is no zone of thermal neutrality, but just a point of lowest metabolism at the critical temperature. With 15-hr males this occurs at 36 C at a level of 0.298 kcal per g per day, while with 12-hr males it is at 38 C at a level of 0.267 kcal per g per day. The lack of a zone of thermal neutrality in small birds as well as the non-linear relationship between metabolism and temperature has been reviewed by West (1962) .
The basal metabolic rate was not measured, but it was estimated on the basis of weight by averaging the values obtained utilizing the equations of Brody and Proctor (1932) and King and Farner (1961) (line F, Fig. 2) . As is to be expected at existence energy feeding levels and with the birds awake and active, the metabolism at thermal neutrality is increased above the basal rate.
The regressions of M.E. per g per day in males at 10-and 15-hr photoperiods intersect at 15 C, that at 15 hr increasing more rapidly than the 10-hr rate at temperatures below this point. Although data were not collected above 20 C in 10-hr birds, it seems reasonable to assume that this quadratic regression would actually be cubic and follow that of the Efficiency of food utilization.--This measure is defined as the metabolized energy divided by the gross energy times 100 (Fig. 3) . Although only the data for 15-hr males span the entire range of temperatures tolerated, the other photoperi-ods support the observation that there are two peaks of efficiency. Kendeigh (1949) , Seibert (1949) , and West (1960) found that the efficiency of utilization increased from low temperatures to high temperatures, and Davis (1955) described a single peak at 18 C. In the dickcissel, one peak is at the higher temperatures, just below the critical temperature for 12-hr birds (35 C) and a few degrees below the critical temperature in ciency of utilization rises sharply and exceeds that of the 15-hr males, whose reduced excretory energy results only from a decline in the amount of guano eliminated.
Existence energy at 12 hr with constant temperature.-In order to measure the existence energy of wintering dickcissels, birds were kept on Barro Colorado Island at a 12-hr photoperiod and at a constant temperature that approximated the aver- 
MEASUREMENTS UNDER OUTDOOR CONDITIONS
The greater weight of males is significantly different from that of females. Table 8 compares average weights at several periods throughout the year that are indicative of the course of the annual weight cycle (see Figs. 5-7) . High weight is associated with premigratory fat deposition, and there is no difference between the magnitudes of the spring and autumn responses.
Birds held outdoors beyond the time of fall migration and exposed to the Illinois winter decreased steadily in weight from the premigratory peak and eventually died under cold stress. This positive relation with fall and winter tem- The two annual molts of captives corresponded to these molts in the wild population except that the molting period was somewhat protracted. An abnormal molt, occasionally very abrupt and heavy and involving only the body feathers, occurred in birds exposed to the Illinois winter, and also in birds at colder temperatures at a 10-hr constant photoof April and during mid-September, being coincident with premigratory fat deposition and overlapping the period of the species' normal migration, can be properly considered as expressions of Zugunruhe.
DISCUSSION
Productive energy.-The productive energy (metabolized energy minus existence energy) calculated for outdoor birds along with the time course of their weight and molt, and the environmental tem-perature are presented in Figures 5-7 . In general, periods of negative productive energy, when the bird is in a negative energy balance, are characterized by loss of weight and usually a reduction in total activity. Positive productive energy allows work beyond existence and is correlated with weight increase and premigratory fat deposition, molt, and higher activity levels, particularly greater nocturnal activity. Maximum potential energy.-The maximum potential energy, that is, the highest metabolized energy measured, is significantly different between photoperiods, that at 15 hr being greater than that at 10 hr. Long days, therefore, are advantageous in terms of the maximum level of available metabolized energy. At a 15-hr photoperiod the maximum potential energy was not ascertained in females since they were not measured at the lowest temperature that could be tolerated, but this value was calculated on the basis of the percentage difference between the sexes at 10 hr.
Distribution, migration, and energy balance.-The area of greatest breeding density of the dickcissel (Aldrich, 1948 Although less than levels in Illinois and Texas, the productive energy obtainable in Yucatan, far to the south of the nesting area, seems sufficient for reproduction. Factors other than the attainment of a favorable energy balance during breeding must limit its southward distribution in summer. West (1960) concluded that the prenuptial migration of the tree sparrow did not give a more favorable energy balance on the breeding grounds than could be had in summer on the winter range. Cox (1961) vantages of longer photoperiod and result in less productive energy (West, 1960) . The dickcissel suffers only a 5 C decrease in Illinois during the breeding season compared with the average for the same months in the Canal Zone, and the advantage of the longer photoperiod in its case is made manifest.
Fall migration occurs during the month in which the maximum productive energy drops below the Canal Zone level. Although the timing of the autumn departure is probably most immediately correlated with the termination of the postnuptial molt, productive energy must be obtainable for the accumulation of premigratory fat stores, at least enough for the initial step southward. As can be seen in Figures 6 and 7 , the maintenance of positive energy balance became more and more difficult after the period of the species' normal fall migration had passed. Because it departs in the early autumn, the dickcissel has been considered one of those species that anticipates adverse environmental conditions by a wide margin, yet in terms of energy balance it leaves "just in time." The small, but regular population that overwinters on the New England coast may be defying its temperature tolerance limits, since January and February means do drop below the low lethal limit. If water is obtainable rather than snow, the lethal limit may be lowered sufficiently to allow the dickcissel to survive the maritime winter at this latitude. Open water is perhaps readily available along the densely populated east coast because of pollution. The dickcissel's regular association with the house sparrow, Passer domesticus (Packard, 1952 ; Eisenmann, personal communication), also increases its chances for survival, both from the use of feeding stations and roosting behavior.
Survival during the winter at the latitude of Galveston presents no tolerance problems, and many individuals occasionally overwinter on the Gulf Coast. Whether the loss in maximum productive energy experienced by remaining at this latitude rather than continuing to the tropics is limiting, is not known. Certainly the elimination of such an energy-draining as well as hazardous ac-tivity as extended, often over-water migration would be advantageous. Perhaps the dickcissel is preadapted by its evolution and dispersion from its presumed tropical origin so that it can now tolerate winter conditions in the southern edge of its breeding range. If those individuals who are presently capitalizing on this potentiality do indeed gain some reproductive advantage in the subsequent nesting season, this positive selection, coupled with possible selection against a long migratory journey, might in time lead to the dickcissel's spending its entire annual cycle at temperate latitudes.
SUMMARY
The energy requirements of the dickcissel were measured on its tropical wintering and temperate breeding ranges, both under outdoor conditions and in controlled temperature cabinets at 10-, 12-, and 15-hr photoperiods.
There was a significant difference between the body weight of the sexes in captivity, except with summer birds on a 15-hr photoperiod where females were similar to males due to their longer retention of vernal-fat stores. Body weight decreased significantly from just below the critical temperature to the upper lethal limit. Weights also decreased significantly to the lower limit of temperature tolerance, a response paralleled by outdoor birds during the temperate winter. There is, therefore, no inverse relationship between weight and temperature when exposed to winter conditions. Greatest body weights in outdoor captives occurred at the peaks of vernal and autumnal premigratory fat deposition.
The upper lethal limit of temperature tolerance at 12-and 15-hr photoperiods was 44 C. At 10-hr photoperiod the lower limit was -1 C, and at 15 hr it was -2 C. Birds exposed outdoors to the Illinois winter died at a mean daily temperature of -3 C. Having water instead of snow available for drinking at subfreezing temperatures decreased the lower lethal temperature.
There was no difference in the calories per gram of dry guano between individuals, but there were significant differences between environmental conditions, except at 15-hr photoperiods.
At a 12-hr photoperiod the critical temperature was 38 C and at 15 hr it was 36 C. No zone of thermal neutrality but rather a single thermal neutral point existed. Below the critical temperature there are inverse relationships between the ambient temperature and the existence levels of gross energy, excretory energy, and metabolized energy.
The cubic regressions of excretory energy per bird per day illustrate the energy conservation resulting from decreased output of excreta, and in 10-hr birds from a significant decrease in the caloric value of the guano as well. This response was apparent from 9 C to 21 C in 15-hr males and from 7 C to 13 C in 10-hr birds.
It is suggested that below 15 C-16 C, the role of chemical regulation in homeothermy becomes greater in importance than that of physical regulation in the dickcissel.
There were two peaks in the efficiency of food utilization in relation to temperature. One was just below the critical temperature, and the other was within the temperature range concurrent with the period of reduced excretory energy.
The dickcissel gains in productive energy by spring migration from the tropics to the north-temperate breeding grounds and by returning to the tropics in autumn. Furthermore, the spring migration is so timed that nesting activity begins at about the time this increase can be first obtained. Fall migration removes the dickcissel from its nesting latitude just prior to environmental conditions that result in an unfavorable energy balance.
Northward distribution in the summer is probably limited both by the magnitude and duration of productive energy available for reproduction. Although productive energy decreases to the south of its summer distribution, the present southern limit of the dickcissel's breeding range appears to be dependent on other factors.
